is often complicated by renal insufficiency. Additionally, treatment of patients admitted to the hospital with acute decompensated heart failure (ADHF) is frequently limited by worsening renal function and diuretic resistance. This so-called cardiorenal syndrome (CRS) identifies a subset of patients with a worse prognosis and one that is more difficult to treat. The purpose of this review is to examine the burden of concomitant heart failure and renal dysfunction, review what is known of the underlying pathophysiology, investigate the various treatment options and discuss areas of active clinical research.
Definition
There exists no uniform definition of the CRS. Some have simply defined it as combined cardiac and renal dysfunction. Heywood [2] defined the CRS 'as moderate or greater renal dysfunction that exists or develops in a patient with heart failure (either systolic or with preserved systolic function) during treatment'. Recently, a consensus definition for CRS was proposed by Ronco et al. [3] . It delineates acute from chronic CRS and which organ is initially dysfunctional. Type 1 CRS is defined as acute cardiac dysfunction (e.g. ADHF) that results in acute kidney injury (AKI). Type 2 CRS implies chronic heart failure that results in progressive kidney dysfunction. Type 3 CRS reflects acute kidney dysfunction, such as ischemic injury or glomerular disease, which results in an acute cardiac insult such as heart failure or arrhythmia. Type 4 Baseline renal insufficiency, or chronic kidney disease, is well established as an independent predictor of poor outcomes among those patients with chronic heart failure as well as those admitted with ADHF. In a retrospective analysis of the Studies of Left Ventricular Dysfunction (SOLVD) prevention and treatment trials, moderate renal insufficiency defined as creatinine clearance ! 60 ml/min was independently associated with a significant increase in all-cause mortality and the composite end point of death or hospitalization for heart failure. This difference remained significant after multivariate adjustment for disease severity and comorbidities [4] . The Candesartan in Heart Failure: Assessment of Reduction in Mortality and Morbidity (CHARM) investigators confirmed these findings. Their analysis revealed that an estimated glomerular filtration rate (GFR) ! 60 ml/min was a strong, independent predictor of all-cause mortality and/or admission for chronic heart failure. Interestingly, the prognostic value of estimated GFR was similar among those with reduced left ventricular ejection fraction and those with preserved systolic function [5] . Finally, Smith et al. [6] performed a meta-analysis of 16 studies evaluating the impact of renal insufficiency on the outcome of heart failure. The 16 studies enrolled over 80,000 patients. The prevalence of any renal dysfunction, defined as serum creatinine (SCr) 1 1.0 mg/dl, estimated GFR ! 90 ml/min or cystatin C 1 1.03 mg/dl, was 63%. The prevalence of moderate to severe renal dysfunction, i.e. SCr 1 1.5 mg/dl, estimated GFR ! 53 ml/min or cystatin C 1 1.55 mg/dl, was 29%. The prevalence of renal dysfunction was higher in hospitalized patients than in outpatients. In this study, more serious renal insufficiency was correlated with an incremental increase in mortality. The investigators reported a 33% increased risk of mortality for each increase in SCr of 1 mg/dl (3 studies) and 7% increased risk of mortality for each decrement in estimated GFR of 10 ml/min (2 studies). This study also highlighted the variation in methods used to characterize renal dysfunction (SCr, GFR, creatinine clearance, cystatin C) [6] .
Investigators have also evaluated the prognostic significance of worsening renal function during inpatient treatment for ADHF. Renal function is dynamic and often changes while patients undergo inpatient treatment for heart failure. It has been variably defined as an increased SCr 1 0.3 mg/dl, an increase in SCr 6 0.3 mg/dl and 6 25% increase in SCr to 6 2 mg/dl. Baseline renal insufficiency, uncontrolled hypertension, diabetes mellitus, calcium channel blocker use and high-dose loop diuretics have all been associated with worsening renal function. Among those patients who develop worsening renal function, most studies have shown an increased length of hospital stay and increase in mortality [7] [8] [9] . Interestingly, a post hoc analysis of the Evaluation Study of Congestive Heart Failure and Pulmonary Artery Catheterization Effectiveness (ESCAPE) trial failed to show an association between worsening renal function and outcomes, while it did confirm that baseline renal insufficiency was significantly associated with worse outcomes, defined as death or rehospitalization [10] .
Pathophysiology
In a broad sense, the CRS represents a complex interplay of neurohormonal activation which is maladaptive and contributes to progressive renal dysfunction and worsening heart failure. It is well established that the renin angiotensin aldosterone system (RAAS) and sympathetic nervous system (SNS) are both activated in heart failure. The SNS further contributes to increased systemic vascular resistance and stimulates renal renin release via circulating catecholamines and direct neuronal innervation [11] . SNS overactivity may be further enhanced by baroreceptor desensitization [12] . RAAS activation, both by hemodynamic alterations and SNS stimulation, results in the release of angiotensin II, which promotes vasoconstriction, renal glomerular efferent arteriolar vasoconstriction and adverse cardiac remodeling and triggers aldosterone release. Aldosterone enhances salt and water retention in addition to promoting cardiac fibrosis [13] . Finally, nonosmotic release of arginine vasopressin results in vasoconstriction, free water retention and hyponatremia. The natriuretic peptides [atrial natriuretic peptide and B-type natriuretic peptide (BNP)] are the heart's counterregulatory hormones, which in the healthy individual can attenuate activation of the RAAS and SNS. However, their chronic release in heart failure likely renders them ineffective. Renal dysfunction and uncontrolled hypertension also activate the RAAS, thereby contributing to progressive heart failure [14] [15] [16] [17] ( fig. 1 ) .
It is tempting to attribute worsening renal function in decompensated heart failure to alterations in central hemodynamics. Intuitively, it would make sense that decreased mean arterial pressure and cardiac output would result in decreased renal perfusion leading to prerenal azotemia and acute tubular necrosis. Indeed, Butler et al. [18] confirmed that left ventricular assist device placement rapidly improved renal function in a group of patients with severely impaired cardiac output and renal dysfunction. Other studies, however, have not showed an association between central hemodynamics and worsening renal function. As mentioned above, Forman et al. [7] showed an association between hypertension and worsening renal function. They did not show an association between ejection fraction or hypotension and worsening renal function. Indeed, patients with preserved ejection Fig. 1 . CRS type 1. Pathophysiological interactions between heart and kidney in type 1 CRS or 'acute CRS' (abrupt worsening of cardiac function, e.g. acute cardiogenic shock or acute decom pensation of chronic heart failure) leading to kidney injury. ACE = Angiotensin-converting enzyme; ANP = atrial natriuretic peptide; CO = cardiac output; KIM = kidney injury molecule; N-GAL = neutrophil gelatinase-associated lipocalin; RAA = renin angiotensin aldosterone. Figure illustration by Rob Flewell. Reprinted from Ronco et al. [3] , with permission.
fraction were just as likely to develop worsening renal function [7] . A smaller study by Weinfeld et al. [9] , looking at worsening renal function during therapy for advanced heart failure, did not show an association between worsening renal function and cardiac index, systemic vascular resistance or other hemodynamic variables. Interestingly, the only hemodynamic variable found to be associated with worsening renal function in a retrospective analysis of the ESCAPE trial was right atrial pressure [10] . Increased right atrial pressure in ADHF results in peripheral edema and ascites. Investigators at the Cleveland Clinic have utilized a simple transvesical method to measure intra-abdominal pressure and its association with worsening renal function. They found an association between increased intra-abdominal pressure and renal dysfunction and that therapy which improved hemodynamics and decreased intra-abdominal pressure was associated with improved renal function. These findings may help elucidate those factors leading to worsening renal function in ADHF and help explain the subset of patients whose renal function improves with aggressive diuresis [19] .
A dysfunctional atrial-renal reflex has also been implicated in cardiorenal dysfunction. Normally, increased volume leading to increased atrial filling pressures results in the release of atrial natriuretic peptide and inhibition of arginine vasopressin, thus resulting in increased renal blood flow and natriuresis. This effect appears to be blunted in the chronically volume overloaded state of heart failure. In addition, there is a blunted response to a further salt load. In response to diuresis, there may, in fact, be a sudden drop in natriuretic peptide levels and increased arginine vasopressin release [9, 14] .
Given the poor correlation between central hemodynamics, particularly cardiac index and systemic vascular resistance, and worsening renal function, others have focused on the contribution of ADHF treatment to worsening renal function. In particular, loop diuretic therapy has been implicated in worsening renal function [8] . Furosemide administration has been associated with worsening pump function, increased filling pressures and increased neurohormonal and catecholamine release; however, this effect is transient [20] . Furosemide also appears to decrease GFR, an effect that appears to be mediated, at least in part, by adenosine release secondary to activation of the tubuloglomerular feedback mechanism in the kidney [21] . In fact, Eshaghian et al. [22] showed a dose-dependent association between furosemide administration and mortality in a large cohort of heart failure patients with severe systolic dysfunction. It is unclear, though, if this association reflects cause and effect or whether furosemide dosage is simply a marker of heart failure severity [22] . What is clear, however, is that treatment of ADHF with high-dose diuretics can result in decreased responsiveness to diuresis (resistance) or worsening renal function despite persistent hypervolemia. Decreased responsiveness to diuretics, the so-called braking phenomenon, results when increased sodium delivery to the proximal and distal nephron activates the tubuloglomerular feedback mechanism as the kidney attempts to regulate sodium handling. This results in activation of the RAAS and SNS, which, among other effects, causes distal tubular cell hypertrophy and increased sodium reabsorption, which ultimately counteracts the effects of loop diuretics [23] . Postdiuretic sodium avidity and increased proximal tubule reabsorption also likely contribute to diuretic resistance [24] . Additionally, adenosine release from the macula densa in response to increased sodium delivery results in afferent arteriolar vasoconstriction, which decreases GFR and renal blood flow and likely increases renal sodium avidity further. Increased proximal tubular sodium reabsorption is likely a luminal effect of adenosine [25, 26] .
Markers of Renal Dysfunction and AKI
GFR is more sensitive than SCr in assessing renal function. However, in general practice, it is too burdensome to routinely calculate true GFR using inulin or some other exogenous marker. Provided it is not changing acutely, GFR can be estimated using SCr-based equations, including the Modification of Diet in Renal Disease (MDRD) equation or a simplified version (sMDRD). GFR can also be estimated using the Cockcroft-Gault equation. Creatinine clearance, a surrogate of GFR, can be calculated after a 24-hour urine collection. SCr alone can be deceiving, as one can have impaired renal function with a normal SCr, as it is dependent not only on renal function but also age, sex and muscle mass. Creatinine clearance and estimated GFR using the MDRD, sMDRD and Cockcroft-Gault equations were evaluated in a cohort of heart failure patients and validated against true GFR [27] . The equations all overestimated GFR at normal to near-normal renal function. They also underestimated GFR in severe renal dysfunction (GFR ! 35 ml/min) [11] . The predictive power of the formulas was strongest in the setting of severe heart failure. Estimated GFR using the MDRD equation was the most precise and had the best prognostic power for cardiovascular outcomes [27] ( table 1 ) .
Cystatin C is a protease inhibitor produced by the body at a fairly constant rate. Unlike SCr, it is not affected by race, gender, age or body mass. It is freely filtered by the glomerulus and reabsorbed by the proximal tubule. It does not appear to be secreted into the urine. It has been proposed to be superior to SCr as a marker of renal function [6, 28, 29] . Further, it is an independent marker of adverse outcomes among patients with decompensated heart failure with a normal SCr [30] .
Worsening renal function may be caused by intrinsic renal injury such as acute tubular necrosis from reduced renal blood flow. Changes in SCr are relatively insensi tive and nonspecific for AKI. A consensus definition of AKI by the Acute Kidney Injury Network defines it as 'an abrupt (within 48 hours) reduction in kidney func tion currently defined as an absolute increase in serum creatinine of more than or equal to 0.3 mg/dl ( 6 26.4 mol/l), a percentage increase in serum creatinine of 6 50% (1.5-fold from baseline), or a reduction in urine output (documented oliguria of less than 0.5 ml/kg per hour for more than six hours)' [31] . This definition corresponds to the term 'worsening renal function' in the heart failure literature. Novel biomarkers are being evaluated that may allow clinicians to detect AKI within hours of injury, allowing them to intervene early. It is unclear whether patients with heart failure and AKI, as opposed to chronic renal dysfunction or prerenal azotemia, may represent a subset of patients with renal dysfunction and a worse prognosis. One such biomarker being evaluated is neutrophil gelatinase-associated lipocalin (NGAL). Studies examining children receiving intravenous contrast and postcardiac surgery requiring cardiopulmonary bypass have shown serum and urinary NGAL measurements to be exquisitely sensitive and specific for detecting AKI within 2 h of injury [32, 33] . Recently, investigators at Columbia University studied an assay for urinary NGAL to detect AKI. At the cutoff they used, urinary NGAL was 90% sensitive and 99.5% specific for detecting AKI. In contrast, it may take 1-3 days to detect AKI by a rise in SCr [34] . Damman et al. [35] studied urinary NGAL levels in 90 patients with chronic heart failure and 20 controls without heart failure. Those with chronic heart failure had significantly elevated urinary NGAL levels versus controls [175 (70-346) vs. 37 (6-58) g/g Cr, p ! 0.0001] [35] . Another potential biomarker of AKI is kidney injury molecule 1, a marker of proximal tubular injury which, like NGAL, appears early in the urine in AKI and may help differentiate the type and site of injury [36, 37] .
Further investigation is required to determine how these markers will help stratify patients admitted with ADHF according to risk. Potentially, these markers can help detect kidney injury earlier and help determine its location in the nephron. Furthermore, these markers can help determine the underlying etiology of worsening renal function. Together, this information may set the stage for investigation of timely and effective interventions to halt or mitigate kidney injury and thus improve the prognosis of patients admitted with ADHF.
Treatment
Several treatments have been proposed to treat ADHF while preserving renal function, to enhance diuresis and to correct worsening renal function. These include the addition of thiazide diuretics to counteract increased distal tubular sodium reabsorption, the addition of acetazolamide to treat increased proximal tubular sodium reabsorption, constant loop diuretic infusion, supraphysiologic doses of natriuretic peptides, vasopressin antagonists, adenosine receptor blockers and extracorporeal devices, including ultrafiltration and ventricular assist devices. Reprinted from Smilde et al. [27] , with permission. BSA = Body surface area.
Treating Diuretic Resistance
The addition of a thiazide diuretic, by acting on the distal tubule, can act synergistically with loop diuretics in the diuretic-resistant patient, inducing greater diuresis. Its effect on overall renal function and outcomes, however, is unclear [38] . Acetazolamide may improve diuresis by blocking proximal sodium reabsorption. It may also have additional benefits by improving central sleep apnea and correcting the metabolic alkalosis frequently encountered during diuresis [39] . Spironolactone and eplerenone are mild diuretics acting distally in the tubule which also have the additional benefit of attenuating the maladaptive neurohormonal response of the kidney to heart failure. They block the mineralocorticoid receptor, decreasing mortality in severe heart failure and attenuating the hypokalemic effects of aggressive diuresis [40] [41] [42] . Finally, continuous loop diuretic infusion may be more effective than bolus loop diuretic administration by minimizing the effects of postdiuresis sodium avidity. This was initially demonstrated in a small study by Dormans et al. [43] . Diuretic infusion versus bolus therapy is currently under investigation in a larger multicenter NIH-funded study [44] .
Inotrope Therapy
In severe ADHF characterized by low cardiac output, elevated systemic vascular resistance and hypotension, inotropes can maintain renal function and enhance diuresis by improving hemodynamics. So-called renaldose dopamine has been hypothesized to improve renal vascular hemodynamics through activation of the renal dopamine receptor. A recent study by Elkayam et al. [45] looked at the renal hemodynamic effects of dopamine in patients with chronic heart failure. This study on 13 patients demonstrated increased renal blood flow and decreased renal vascular resistance with escalating doses of dopamine (2-10 g/kg/min). Clinically, however, dopamine has not been shown to improve outcomes [45] . In general, while inotropes, including dopamine, dobutamine, milrinone and levosimendan, can improve shortterm hemodynamics and renal function, they have not been demonstrated to improve other outcomes such as mortality [46] [47] [48] [49] .
Nesiritide Natriuretic peptides, including atrial natriuretic peptide and BNP, are released in response to myocardial stretch and serve to counterbalance the RAAS by increasing natriuresis, causing vasodilatation and suppressing the RAAS and SNS [23] . It has been postulated that diuresis in the chronic heart failure patient may result in a rapid fall in the secretion of natriuretic peptides, thus resulting in decreased renal blood flow [9] . Therefore, recombinant BNP (nesiritide) was developed as a therapy to improve renal hemodynamics and enhance diuresis. Based on a pivotal trial published in 2000 by Colucci et al. [50] , nesiritide was shown to lead to short-term improvement in symptoms and hemodynamics. Similar results were confirmed in a randomized trial of nesiritide versus nitroglycerin infusion, which led to its FDA approval [51] . Further investigation raised questions as to its efficacy and safety with regard to renal function [52, 53] . However, a larger prospective study of nesiritide in patients with renal dysfunction failed to show harm or benefit with respect to renal function in the treatment of ADHF [54] . In the large Follow-Up Serial Infusions Of Nesiritide (FUSION) II randomized trial of serial outpatient infusions of nesiritide versus placebo, there was no evidence of renal harm; however, the study failed to show a clinical benefit. However, the event rate of the primary end point was low in the FUSION II study, and it was therefore underpowered to detect a difference. There was, however, an increased incidence of hypotension in the nesiritide-treated group [55] . Interestingly, there is some evidence that nonhypotensive low-dose nesiritide may improve renal function in patients with ADHF, perhaps by preventing activation of the SNS and RAAS, thus avoiding their deleterious effects [56] . The Acute Study of Clinical Effectiveness of Nesiritide in Decompensated Heart Failure (ASCEND-HF) trial is a large, randomized, double-blind, multicentered trial of nesiritide versus placebo, currently enrolling patients admitted with ADHF. This trial will assess both symptoms and 30-day mortality and heart failure readmission [57] .
Vasopressin Antagonists
As discussed earlier, nonosmotic release of vasopressin plays a role in the pathophysiology of heart failure, representing a maladaptive neurohormonal response. Vasopressin promotes free water retention through its activity on V2 receptors in the renal collecting tubules. Furthermore, it stimulates the V1 receptor, resulting in vasoconstriction. Theoretically, antagonism of vasopressin receptors could result in increased volume loss and correction of hyponatremia, which is an independent risk factor for poor outcome in heart failure, decrease cardiac afterload and perhaps have beneficial effects on cardiac hypertrophy [14, 58] . Two vasopressin antagonists have been evaluated: conivaptan, an intravenous V1a and V2 receptor blocker, and tolvaptan, an oral selective V2 re-ceptor blocker. Initial excitement was generated by the Acute and Chronic Therapeutic Impact of a Vasopressin Antagonist in Congestive Heart Failure (ACTIV in CHF) study, which showed improvement in short-term weight loss without jeopardizing renal function or causing significant hypokalemia. A post hoc analysis of ACTIV in CHF suggested a reduction in 60-day mortality [59] . However, enthusiasm has been tempered by the larger Efficacy of Vasopressin Antagonism in Heart Failure Outcome Study With Tolvaptan (EVEREST) trial, which did not show a benefit with tolvaptan in a large cohort of patients admitted with ADHF and systolic dysfunction in regard to mortality or heart failure readmission. It appeared to be safe, however, with no significant worsening of renal function. It remains to be seen whether there is a role for tolvaptan in the treatment of patients with ADHF complicated by hyponatremia and/or renal dysfunction [60, 61] .
Adenosine Receptor Antagonists
As previously discussed, renal tubuloglomerular feedback is a normal homeostatic mechanism in the kidney to maintain electrolyte and fluid balance, triggered by increased sodium delivery to the distal nephron. In the setting of heart failure and attempted diuresis, however, this mechanism becomes maladaptive, resulting in diuretic resistance and contributing to decreased GFR. Adenosine appears to mediate these effects by causing afferent arteriolar vasoconstriction and increased proximal tubular sodium reabsorption [26, 62] . There are multiple adenosine receptor subtypes throughout the body's various tissues. The tubuloglomerular feedback mechanism is mediated through the adenosine receptor subtype 1 (A1). A1 antagonists attenuate furosemide's propensity to reduce GFR and facilitate urine output [21] . Givertz et al. [25] recently reported the results of two phase II protocols studying the A1 antagonist KW-3902. One protocol looked at 146 patients admitted with ADHF and renal insufficiency. The second protocol looked at a sicker population of NYHA class III or IV patients who were hospitalized and classified as 'diuretic resistant'. Both protocols confirmed the potential utility of adenosine receptor blockers in enhancing diuresis, reducing loop diuretic requirements and preserving renal function. In the ADHF protocol, the study drug increased urine output over the first 6 h, and SCr had decreased in all the study drug groups versus placebo at day 2. Early discontinuation of treatment for adequate diuresis was reported in 30% of study drug-treated patients and 4% of placebo-treated patients. Adverse events were similar in both groups [25] .
Larger phase III trials, namely A Study of the Selective A1 Adenosine Receptor Antagonist KW-3902 for Patients Hospitalized With Acute HF and Volume Overload to Assess Treatment Effect on Congestion and Renal Function 1 and 2 (PROTECT-1 and PROTECT-2), are currently enrolling patients with ADHF and renal insufficiency and will provide more definitive data on the safety and efficacy of the selective adenosine A1 receptor blocker KW-3902 [63, 64] .
Ultrafiltration
Extracorporeal methods of volume removal have sparked interest among cardiologists with the advent of small, relatively easy to use devices for ultrafiltration. The benefits of these devices include overcoming diuretic resistance, rapid volume removal and increased sodium removal relative to diuretics. In addition, isoosmotic fluid removal will not result in increased sodium delivery to the distal nephron and resultant activation of the tubuloglomerular feedback mechanism as can occur with loop diuretics. Theoretically, this will result in less activation of the maladaptive RAAS and SNS responses. Finally, there is less risk of hypokalemia and resultant arrhythmias. Marenzi et al. [65] performed a small study looking at the hemodynamic consequences of ultrafiltration. The patients all had NYHA class IV symptoms and large diuretic requirements. On average, they lost 4 liters of fluid over a mean time period of 9 h by ultrafiltration and experienced relief of symptoms with a concomitant decrease in right atrial pressure and pulmonary wedge pressure. The cardiac output improved and the mean systemic arterial pressure remained stable. Additionally, their diuretic requirement decreased [65] . In 2005, a feasibility study was published using a small, easier to use device, which was positive [66] . The Ultrafiltration versus Intravenous Diuretics for Patients Hospitalized for Acute Decompensated Heart Failure (UNLOAD) study was published in 2007. This study randomized 200 patients admitted to the hospital with volume overload to either ultrafiltration or intravenous diuretic therapy. The primary efficacy end points were weight loss at 48 h, which was significantly greater in the ultrafiltration group, and dyspnea scores, which were not different between the two groups. There was no difference between the two groups in terms of worsening renal function. In terms of secondary end points, length of index hospitalization, Living with Heart Failure scores, BNP levels and 6-min walk distance were all similar. At 90 days, however, heart failure rehospitalizations, rehospitalization days per patient and unscheduled clinic or emergency department visits were all significantly decreased. Thus, the UNLOAD trial confirmed the clinical safety of ultrafiltration, but there was a disconnect between the increased weight loss and clinical symptoms. It is also puzzling that although there was increased volume removal, the length of stay for the index hospitalization was not different between the groups. The investigators point out, however, that the long-term benefit, i.e. reduced rehospitalization for heart failure at 90 days, may reflect increased sodium removal and decreased diuretic requirement in the ultrafiltration group [67] . The Cardiorenal Rescue Study in Acute Decompensated Heart Failure (CARRESS-HF) trial, now underway, will examine the utility of ultrafiltration in a population of patients admitted with ADHF and concomitant CRS defined as baseline renal insufficiency or worsening renal function with treatment. The primary end points are change in creatinine and change in weight at 96 h. The hypothesis is that correcting congestion without the deleterious effects of diuretics will improve renal perfusion and GFR [68] .
Comments
Clearly, heart failure complicated by CRS is a significant problem. We know that patients with heart failure and chronic renal insufficiency or ADHF and worsening renal function are at substantial risk for poor outcomes. Understanding the underlying pathophysiology of the CRS will require further research. This research is important in order to identify therapeutic strategies targeted at the underlying pathologic mechanisms which we hope will ultimately benefit patients. Some therapeutic strategies already developed have been disappointing. Inotrope therapy, for example, should target the hemodynamic abnormalities which can lead to worsening renal function. However, large trials have shown this strategy to be deleterious. Similarly, nesiritide would be expected to improve renal function by opposing the maladaptive RAAS and reducing vascular resistance in the kidney. However, while larger studies have shown some improvement in hemodynamic variables, long-term outcomes have been unremarkable and, indeed, there has been some suggestion of harm. Ultrafiltration has been shown to significantly increase volume loss in ADHF, but significant long-term benefit was not proven. The lesson from these experiences is that short-term changes in hemodynamic variables do not necessarily translate into beneficial short-or long-term outcomes. Adenosine A1 receptor antagonists are currently being evaluated for treatment of heart failure in the setting of renal dysfunction and show promise. However, this must be tempered by the recognition that we must await results of the larger, randomized, controlled trails before we can reach conclusions about safety and efficacy.
As further research progresses, including integration of novel biomarkers to further stratify subsets of heart failure patients with CRS, we hope to develop further effective therapies that target the underlying mechanism of this difficult disease process in order to better treat the ever-growing heart failure population.
